We demonstrate the use of photonic-crystal fiber for dispersion compensation in a soliton fiber laser. The anomalous dispersion provided by the photonic-crystal fiber enables us to construct a femtosecond fiber laser at 1 µm wavelength without prisms or diffraction gratings. The laser produces ∼100-fs pulses with 1 nJ energy, and is a major step toward environmentally-stable all-fiber devices at 1 µm.
Introduction
Short-pulse fiber lasers offer a number of practical advantages over bulk solid-state lasers, including compact size and freedom from misalignment. These attributes derive from the availability of fiber with anomalous group-velocity dispersion (GVD); considering the usual soliton-like pulse formation in femtosecond modelocked lasers, anomalous GVD is needed to balance the positive Kerr nonlinearity of the fiber [1] , [2] . Femtosecond erbium-doped fiber lasers at 1.55 µm can be constructed entirely of anomalous-GVD fiber to operate in the soliton regime [3] , or with segments of normal-GVD and anomalous-GVD fiber to operate in the stretched-pulse regime [4] . There is great interest in the development of short-pulse fiber lasers at wavelengths below 1.3 µm, the zero-dispersion wavelength of standard silica fiber. However, efforts in this direction are hampered by the lack of anomalous-GVD fiber. Lasers must be constructed with bulk optical elements, which negates some of the major advantages of fiber. In particular, ytterbium-doped fiber is attractive for high-energy, short-pulse operation. Pulses as short as 50 fs and pulse energies as large as 2 nJ can be generated with Yb fiber [5] , but all short-pulse Yb fiber lasers reported to date have employed prisms or diffraction gratings for anomalous GVD [5] , [6] , [7] . Yb-doped amplifiers provide the highest pulse energies and average powers available from fiber-based sources, but these are all seeded by bulk oscillators [8] or complicated multi-stage fiber sources with nonlinear wavelength conversions [9] . For greatest utility it would be highly desirable to seed these amplifiers with an integrated fiber source.
Photonic crystal fiber (PCF) is silica fiber with an ordered array of air holes along its length [10] . The novel properties of PCF include the possibility of anomalous GVD at wavelengths between 0.7 and 1.3 µm, determined primarily by the air filling fraction and thus effective core diameter [11] . PCF therefore offers a route to the construction of soliton fiber lasers at wavelengths below 1.3 µm. An actively modelocked ytterbiumdoped PCF laser was reported [12] . However, the PCF had no influence in pulse shaping, other than providing gain.
Here we describe the first soliton fiber laser to exploit PCF for dispersion control. We demonstrate a Yb fiber laser comprised of segments of normal-GVD gain fiber and anomalous-GVD PCF. The laser generates positively-chirped pulses with 1 nJ energy, which are compressed to ∼100 fs with a grating pair external to the cavity. Optimization of this initial device for improved performance and environmental stability will be discussed.
Experimental
A Yb fiber laser with a PCF for dispersion control is conceptually the 1-µm analog of existing Er fiber lasers at 1.55 µm. Dispersive and nonlinear effects dominate the dynamics of pulsed operation in the femtosecond domain. Our choice of cavity parameters was guided by consideration of prior Er and Yb fiber lasers, and refined by numerical simulations of modelocking. Several issues arise in the use of PCF in soliton fiber laser. In contrast to a laser with prisms or diffraction gratings, a laser with a PCF can experience strong nonlinear effects in the anomalous-GVD segment of the cavity. Increased nonlinearity is desirable as a facilitator of modelocking. On the other hand, strong nonlinearity, particularly in combination with anomalous GVD, will degrade the pulse quality and limit the maximum pulse energy. A practical issue is that all PCF with small core size is highly birefringent (the beat length is a few mm). This property of PCF will eventually be exploited in the construction of environmentally-stable lasers. However, it is not compatible with the use of nonlinear polarization evolution (NPE) as an effective saturable absorber.
Considering these issues, we constructed the laser shown in Fig. 1 . A unidirectional ring cavity is employed, to assist the initiation of mode-locking. The cavity allows NPE to occur and also has a segment where linear polarization is nominally maintained. We chose a PCF (2-µm core, 1.4-µm pitch and 0.7 average pitch-to-hole-size ratio, supplied by Crystal-Fibre A/S) to have substantial anomalous GVD (-40 ps 2 /km) at 1 µm. The PCF is placed in a segment of the cavity where the polarization is linear. An in-line polarization controller converts the polarization to elliptical for NPE. We use a highlydoped Yb fiber (NA = 0.12, core diameter 6 µm, 23,600 ppm doping), which is 20 cm long. The Yb fiber is pumped at 980 nm by a laser diode capable of supplying up to 550 mW into single-mode fiber via a wavelength division multiplexed (WDM) coupler. The normal GVD of the gain fiber and leads is compensated by 1.3 m of PCF, which results in net anomalous GVD of 0.02 ps 2 . With its relatively short fiber lengths and net anomalous dispersion, the laser is designed to operate in the weakly-stretched soliton regime. The output is taken directly from the NPE ejection port, which reduces the pulse energy in the PCF and linearly polarizes the field coupled into the PCF.
Even with a half-wave plate immediately before the PCF, there will be some residual excitation of the polarization mode orthogonal to the desired mode. In the time domain, the components of a pulse in the different modes walk off due to birefringence. Therefore, we expect that excitation of the undesired polarization mode may be a significant impediment to self-starting operation. A simplified model of the laser cavity was constructed to investigate the effect of birefringence on pulse start-up. Propagation in the fiber segments is described by the nonlinear Schrodinger equation that includes saturating, finite-bandwidth gain for the Yb fiber. Following the PCF, the field is split into two components corresponding to the different polarization modes. One of these is temporally delayed by a discrete amount corresponding to the fiber beat length, and the components are added together: E(t)(1 − κ) + E(t + τ )κ , where E(t) is the optical field, κ is the coupling coefficient into the undesired mode, and τ is the delay. Numerical simulations of this model show that for a given pulse energy, the time required for modelocking to develop is linearly proportional to κ below a threshold value. For stronger coupling, stable modelocking cannot be obtained unless the pulse energy is increased.
Experimentally, the laser is not self-starting. Although this is not surprising, the crude nature of the model prevents us from concluding decisively that the birefringence prevents start-up; other effects could be involved and more work is needed to resolve this issue. With an acousto-optic mode-locker (AOM) in the cavity, modelocking is established easily by adjustment of the polarization controllers. Once initiated, the AOM is turned off and modelocking sustains itself, typically for hours. The pulse train is shown in Fig. 2. (All of the data presented in this paper were recorded with the AOM turned off.) With a repetition rate of 60 MHz, the pulse energy is 1 nJ.
The pulse autocorrelation is shown on several time-delay scales in Fig. 3 , and the power spectrum is shown in Fig. 4 . The long-range autocorrelation (Fig. 3 (a) ) demonstrates single-soliton operation. The spectral sidebands (marked with arrows in Fig. 4 ) provide a signature of the soliton regime [13] , and the GVD (-0.02 ps 2 ) inferred from the positions of the spectral sidebands agrees with the nominal cavity GVD. The interferometric autocorrelation of the compressed pulses is shown in Fig. 3 (c) along with the envelopes calculated from the measured power spectrum assuming that the phase is constant across the spectrum. The transform-limited pulse duration would be 80 fs. The experimental autocorrelation is 30% broader than the transform-limited version, so we cannot determine the pulse duration precisely. However, it is reasonable to conclude that the pulse duration is in the range 100 -120 fs. Directly out of the laser, we measure the pulse duration to be 300 fs, which implies the stretching ratio is approximately 3. The birefringence of the PCF produces the deep modulation on the spectrum with a period of 2 nm, corresponding to 2-ps walk-off. The small secondary pulse located 2 ps from the main pulse (Fig. 3 (b) ) originates in the component of the field in the undesired polarization mode of the PCF. This was independently verified by transmitting low-energy pulses through the PCF. The zero-phase Fourier transform of the modelocked spectrum produces a secondary pulse at the same 2-ps interval, and comparison with the cw lasing spectrum (also shown in Fig. 4 (b) ) separately confirms that the spectral modulation and temporal location of the secondary pulse are consequences of the birefringence of the PCF. The secondary pulse contains 7% of the energy of the main pulse.
We emphasize that the origin of the secondary pulse is linear birefringence, to distinguish from the multiple-pulsing that occurs in modelocked lasers when the pulse energy is excessive. When the pump power is increased, multiple-pulsing (most commonly double-pulsing) is observed. The pulses are separated by tens of picoseconds, with the exact separation depending on the intracavity pulse energy. Each soliton is accompanied by the small secondary pulse seen in single-soliton operation, at the same fixed separation.
The performance of this initial laser can be improved substantially, and this will be addressed in future versions. With better polarization-mode suppression and/or increased passive amplitude modulation, self-starting operation should be possible. In addition, it is evident from numerical simulations that stronger pulse-stretching should be implemented for maximum pulse energy and minimum duration. Several nanojoules will apparently be possible, which would match the largest pulse energy produced by a fiber laser, and be comparable to the pulse energy of a Ti:sapphire laser. Finally, an environmentally-stable soliton laser could be made with polarization-maintaining gain fiber or from a single piece of PCF doped with active ions [14] .
Conclusion
We have demonstrated a 1-µm soliton laser with dispersion controlled by a PCF. The performance and practical advantages of all-fiber lasers at 1.55 µm are available at 1 µm as a result of this work, and extensions to other wavelengths between 0.7 and 1.3 µm will follow as gain media are developed. We expect that the resulting stable, all-fiber devices will find numerous applications.
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